Background Human infection with avian infl uenza A H7N9 virus emerged in eastern China in February, 2013, and has been associated with exposure to poultry. We report the clinical and microbiological features of patients infected with infl uenza A H7N9 virus and compare genomic features of the human virus with those of the virus in market poultry in Zhejiang, China.
Introduction
Infl uenza A virus is subtyped on the basis of two surface proteins, haemagglutinin (H) and neuraminidase (N), which govern the viral lifecycle at cellular entry and release of virions. All subtypes of infl uenza A virus, from H1 to H16 and N1 to N9, are detected in wild water birds; H17N10 is found in bats. 1 Although most infections with these subtypes are mild or asymptomatic in avian species, outbreaks in wild birds and poultry have been associated with highly pathogenic avian infl uenza H5, and outbreaks in poultry have been associated with H7 subtypes. 1,2 Human infections are generally con-fi ned to H1, H2, and H3 subtypes, because these subtypes have affi nity for host cell receptors containing α-2,6-linked sialic acid (which occur in human beings), whereas other avian infl uenza viruses generally preferentially attach to avian host cell receptors, which contain α-2,3-linked sialic acid. Direct trans mission of avian infl uenza viruses from domestic poultry to people have been documented only for the H5N1, H7N2, H7N3, H7N7, H9N2, and H10N7 subtypes. 1, [3] [4] [5] [6] [7] Human infections due to these subtypes were generally mild and manifested as conjunctivitis and upper-respiratory-tract infections, except for the H5N1 subtype, which was associated with mortality of greater than 50%, and the H7N7 subtype, which has caused one death. 1, 4 Since February, 2013, a novel reassortant H7N9 virus associated with human deaths but no apparent outbreaks in poultry and wild birds has emerged in eastern China. We report on four patients with severe infection due to this H7N9 virus. We sequenced, characterised, and compared viral genomes from a patient and an epidemiologically linked wet market chicken isolate.
Methods

Patients and associated procedures
Between March 7 and April 8, 2013 , we included hospital inpatients if they had new-onset respiratory symptoms, unexplained radiographic infi ltrate, and laboratory-con fi rmed H7N9 virus infection at the First Affi liated Hospital, College of Medicine, Zhejiang University, Hangzhou; Xiaoshan People's Hospital, Hanzhou; or Huzhou Central Hospital, Huzhou (all in China) . This study was approved by the institutional and haemato logical, biochemical, radiological, and micro biological investigation results into a predesigned database. We recorded patients' acute physiology and chronic health evaluation II (APACHE-II) scores 8 and defi ned acute respiratory distress syn drome and multiorgan dysfunction syndrome on the basis of standard criteria. 9, 10 Presumed incubation period was defi ned as the time between last poultry exposure and onset of symptoms. All laboratory procedures for respiratory secretions have been previously reported. 11 Briefl y, we used Taqman real-time RT-PCR under standard thermo cycling conditions to detect M, H7, and N9 genes. The primers that we used were M-forward (GAGTGGCTAAAGACAAGACCAATC), M-reverse (TTGGACAAAGCGTCTACGC), and M-probe (FAM-TCACCGTGCCCAGTGAGCGAG-BHQ1); H7-forward (AGAGTCATTRCARAATAGAATACAGAT), H7reverse (CACYGCATGTTTCCATTCTT), and H7-probe (FAM-AAACATGATGCCCCGAAGCTAAAC-BHQ1); and N9-forward (GTTCTATGCTCTCAGCCAAGG), N9reverse (CTTGACCACCCAATGCATTC) and N9-probe (HEX-TAAGCTRGCCACTATCATCACCRCC-BHQ1). The detection limit of the M, H7 and N9 RT-PCR assays was about 100 copies of RNA per mL. All samples were cultured with trypsin in the Madin-Darby canine kidney cell line for 7 days. We did immunofl uorescent antigen staining for infl uenza A nucleoprotein (D3 ultra 8 DFA, respiratory virus screening and identifi cation kit, Diagnostic Hybrid, OH, USA) under ultraviolet microscopy (Eurostar III plus, Euroimmune AG, Lubeck, Germany) in cell cultures with positive cytopathic changes. RT-PCR was used to subtype for H1, H3, H5, H9, and H7.
We assessed patients' respiratory tract samples on admission by multiplex PCR (Luminex 200 System, Luminex, TX, USA); did ResPlex II v2.0 assays (Qiagen, Germany) to detect co-infection with respiratory syncytial virus, infl uenza B virus, parainfl uenza viruses 1-4, human metapneumo virus, enteroviruses, rhino virus, adenovirus, bocavirus, and coronaviruses NL63, HKU1, 229E, and OC43; and used PCR to detect co-infection with Mycoplasma pneumoniae and Chlamydophila pneumoniae. 12 We investigated blood, sputum, or endotracheal aspirates and urine samples bacteriologically, as clinically indi cated. Initial urine samples were tested for pneumococcal and Legionella antigens by immuno chromatographic enzyme immuno assay (Binax NOW Streptococcus pneumoniae Urinary Antigen Test and Binax NOW Legionella Urinary Antigen Test, Binax, ME, USA). We used the Luminex enzyme immunoassay (Luminex, TX, USA) to monitor six diff erent serum cytokines or chemokines-namely, interferon γ, inter leukins 2, 4, 6, and 10, and tumour necrosis factor α (TNFα)-as a measure of host immunological responses.
Procedures in poultry and genome characterisation
Cloacal swabs were collected from 20 chickens, four quails, fi ve pigeons, and 57 ducks from six epidemi ologically linked wet markets (four in Hanzhou City and two in Huzhou City, Zhejiang) and stored in viral trans port medium. The collected samples were inoculated into embryonated chicken eggs and viral replication was detected by haemadsorption, which has been previously de scribed. 13 We identifi ed and subtyped isolates by RT-PCR sequencing (we used H7-specifi c and N9-specifi c pri mers). RNA extraction, complementary DNA syn thesis, and PCR sequencing were done for one human and one chicken isolate. 13 Sequencing was done with the BigDye Terminator v3.1 Cycle Sequencing Kit on the 3130xL Genetic Analyzer (Applied Biosystems, NY, USA). We characterised and phylogenetically analysed all eight gene segments of the patient's and the chicken's isolates together with virus sequence data available from GenBank. All sequences were assembled and edited with Lasergene 6.0 (DNASTAR, WN, USA); Bioedit 7 was used for alignment and analysis of aminoacid residues. We used the MEGA software package v5.05 (Center for Evolutionary Medicine and Informatics, Biodesign Institute, AZ, USA) to construct the phylogenetic trees of H, N, PB2, and NS genes on the basis of the neighbour-joining method, with Tamura-Nei model of nucleotide substitution. The nucleotide of the HA1 region was used for analysis. Bootstrap values from 1000 replicates were calculated to assess the reliability of the phylogenetic tree. Our gene sequences are deposited in GenBank (accession numbers KC885955-62 [human isolate], KC899666-73 [chicken isolate]).
Role of the funding source
The sponsors had no role in study design; data collection, analysis, or interpretation; or writing of the report. The corres ponding author had full access to all the data in the study and had fi nal responsibility for the decision to submit for publication.
Results
All four patients had history of poultry contact (table 1) . The presumed incubation period ranged from 3 to 8 days (mean 5·8 days). Mean age was 56 years (table 1) . None of the patients were obese and none had upperrespiratory-tract symptoms or conjunctivitis. All patients had fever, and lower-respiratory-tract symptoms (includ ing dyspnoea, cough, and sputum), and one had prominent myalgia (table 1) . Chest radiography and CT of all patients showed multilobar patchy consolidation and diff use alveolar opacities (fi gure 1A-1F). CT of patients 1 and 4 showed ground glass changes in some areas. Mean time between onset of symptoms and respira tory failure was 9 days. Three patients were given 75 mg oral oseltamivir twice daily after tests for H7N9 virus were positive, starting a mean of 16 days after onset of symptoms onset (table 1) . All patients required respiratory support-oxygen given through nasal cannulae at presentation. Two patients needed non-invasive ventilation by con tinuous positive airway pressure, and three subsequently received mechan ical ventilation. Two patients received intravenous immunoglobulin and all received intra venous methylprednisolone (table 1) . Two patients (pa tients 1 and 3) died 4 days after intubation. The other two patients were recovering clinically and radiologically and had been successfully extubated at the time of writing (fi gure 1). 303 house hold or workplace contacts and 82 health-care workers with unprotected exposure to the four patients were put under medical surveillance but none of them became symptomatic after 14 days. Table 2 lists the results of laboratory investigations in the patients. All patients had pronounced lymphopenia at presentation. Total leucocyte counts were healthy or low at presentation, but leucocytosis with neutrophilia developed with disease progression. Three patients had thrombocytopenia at presentation. All patients' coagu lation profi les were impaired and D-dimer concentrations substantially increased with disease progression. The patients who died had persistent lymphopenia, renal 
Results for when the patients presented and the patients' most abnormal result during disease progression are given. If the reading at presentation was the most abnormal reading, only one result is given. Overall, serum cytokine and chemokine concentrations were substantially higher in patient 3 (who died) than in patient 2 (who survived) (fi gure 2A, 2B). Patient 3 had persistently high serum interleukin 10 concentrations (fi gure 2B) before death. RT-PCR assays of throat swab samples or sputum samples yielded positive results for H7N9 infection in all patients (table 3) . Serial samples from patient 2 were tested; throat swab samples were consistently negative, but sputum samples were positive (table 3) . H7N9 virus was isolated from respiratory specimens from patients 1, 3, and 4 in cell culture, and confi rmed by RT-PCR (in which H7-specifi c and N9-specifi c primers were used). No viral co-infections were detected by multiplex PCR, and no bacterial or fungal co-infections were detected in 14 blood cultures and 16 respiratory secretion cultures. Two of fi ve pigeons (40%), four of 20 chickens (20%), zero of four quails (0%), and zero of 57 ducks (0%) tested positive for the H7N9 virus.
Sequence analysis of patient 3 and an epi demiologically linked chicken's H (1673 of 1683 bases [99·4%]) and N (1394 of 1398 bases [99·7%]) genes showed that the human H7N9 isolate was almost identical to chicken H7N9 isolate. The H7 in the isolates clustered with H of the H7N3 of ducks in Zhejiang, and the isolate N9 clustered with the N of the H7N9 of wild birds in Korea (fi gure 3). The six internal genes of the isolate H7N9 are closest to those of poultry H9N2 viruses of China (fi gure 4).
Analysis of the H7 receptor binding site showed a Gln226Leu substitution in the human isolate and a Gly186Val substitution (H3 numbering) in both human and chicken isolates (table 4) . No multibasic aminoacids were noted at the proteolytic cleavage site of this H7 in either the human or the chicken isolates. Although the PB2 Glu627Lys substitution frequently detected in human H5N1 isolates was not noted, an Asp701Asn substitution was noted in the human isolate. Deletion of fi ve aminoacids in the stalk region of N9 at position 69-73 (N9 numbering) was noted in the human and chicken H7N9 isolates. We detected a premature stop codon near the C-terminus of NS1, leading to PDZ motif deletion, in all H7N9 isolates. A Ser31Asn substitution of the M2 gene associated with adamantane resistance was recorded in both isolates, but we noted no resistance mutations associated with neuraminidase inhibitors.
Discussion
We diagnosed avian infl uenza A H7N9 in all four patients (who were epidemiologically unlinked), two of whom died and two of whom were recovering at the time of writing (panel). All patients had histories of occupational or wet market exposure to poultry. The genes of the H7N9 virus in patient 3's isolate were phylogenetically clustered with those of the epidemiologically linked wet market chicken H7N9 isolate. Human and chicken isolate H7 clustered with that of H7N3 of ducks in Zhejiang, and human and chicken isolate N9 clustered with that of H7N9 of wild birds in Korea, and the six internal genes of the isolate H7N9 are closest to those of poultry H9N2 viruses of China. These fi ndings suggest sporadic poultry-toperson transmission. 
Figure 2: Serum cytokine and chemokine profi le of patients 2 (A) and 3 (B)
Normal ranges: interferon γ (0·01-13·64 pg/mL); interleukin 2 (0·01-10·67 pg/mL); interleukin 4 (0·01-2·25 pg/mL); interleukin 6 (0·01-8·86 pg/mL); interleukin 10 (2·42-16·33 pg/mL); and tumour necrosis factor α (0·82-11·05 pg/mL).
As was the case with infl uenza A H5N1 virus in 1997, 2 severe acute respiratory syndrome (SARS) coronavirus in 2003, 15 and human coronavirus EMC in 2012, 16, 17 infection with a novel virus was suspected because the pneumonia of these patients did not respond to typical and atypical antibiotic coverage. The four patients were
Figure 3: Phylogenetic trees for the haemagglutinin (HA1) (A) and neuraminidase (N) (B) genes of H7N9 viruses isolated from a patient and a chicken in Zhejiang, China
Sequences of H7N9 viruses characterised in our study are red-A/Zhejiang/UTID-ZJU01/2013 (H7N9) is the human isolate and A/chicken/Zhejiang/DTID-ZJU01/2013 (H7N9) is the epidemiologically linked chicken isolate. H7N7 viruses that were reported to cause human infections are blue. Human isolates of H7N9 viruses described in a 2013 report 14 are green. The other sequences (black) were derived from other subtypes of infl uenza viruses that were available in Genbank. The triangle represents viruses of North American (ie, Canadian, Mexican, and US) lineage. clustered within Zhejiang, China, within a few weeks (when migratory birds were moving north and transiting at the Yangtze River Delta). However, unlike other types of avian infl uenza aff ecting human beings, no increase in poultry deaths was noticed before the onset of human infec tions. After diagnosis of infl uenza A H7N9 infection was con fi rmed in patient 1 by RT-PCR, additional and retro spective testing of 486 patients between March 7 and April 8, 2013 , led to the discovery of three further infected patients. Similar to those infected with H5N1, our patients had few upper-respiratory-tract symptoms. 1 They presented with high fevers, lower-respiratory-tract symptoms (especially dyspnoea), and radiological features of con solidation and ground glass changes. Multiorgan in volvement was shown by abnormal results of liver and renal function tests, myalgia (with high creatine kinase concentrations suggestive of myositis), impaired coagu lation, and severe lymphopenia. Gastrointestinal symp toms were noted only in patient 1-a profi le that diff ers from that in previous reports of H5N1 or severe A H1N1 pdm09 infections. 1 Respiratory failure progressed within 3-14 days and death 1-3 weeks after onset of symptoms. However, none of these clinical, radiological, or labora tory fi ndings was pathognomonic. Oseltamivir was begun late (mean 16 days after symptom onset) because of the late presentation of respiratory failure and delay in virological diagnosis.
Similar to the cytokine storm noted in H5N1 infection, the substantially increased concentrations of proinfl am matory and anti-infl ammatory serum cytokines and chemokines in patient 3 (who died) were compatible with the clinical severity of this novel H7N9 infection. 18 In particular, the serum concentrations of interleukin 10 were persistently increased in patient 3-a fi nding similar to that for severe A H1N1 pdm09 infection. 12 Although serial RT-PCR assays of sputum samples from patient 2 were positive for viral infection, cycle thresholds were low 15-20 days after onset of symptoms and corroborated well with decreasing serum cytokine and chemokine concentrations.
Besides the likely absence of protection by pre-existing neutralising antibodies in the general population, the internal genes from the H9N2 virus might also contribute to the severe pathogenesis of this novel infection. Double and even triple reassortant avian H9N2 viruses were well reported, 19 and the six internal genes of the 1997 H5N1 virus originated from avian H9N2 virus. Furthermore, H9N2 and H5N1 viruses both induced prominent cytokine and chemokine activation in human macrophages and epithelial cells compared with that induced by seasonal infl uenza A H1N1 virus. 20 In previous studies, treatment with convalescent plasma or hyperimmune γ globulin seemed to improve survival of patients and therefore hyperimmune γ globulin should be considered in the treatment of severe H7N9 infection. 21 Immunomodulatory agents such as celecoxib (but not corticosteroids) improve outcomes of H5N1 infections in mice. 22 Other host factors, such as smoking and obesity, are risk factors for severe infl uenza. 23, 24 Findings from murine models challenged with infl uenza viruses suggest that smoking worsens the response of proinfl ammatory chemokine and cytokines and histological changes of infl ammatory infi ltrates and lung damage, increases viral titres, and impairs pulmonary adaptive T-lymphocyte responses to the virus. 25 Rapid virological diagnosis was established by RT-PCR of the M, H7, and N9 genes and confi rmed by viral culture in cell lines. Similar to H5N1 infection, which mainly aff ected the lower respiratory tract, sputum and endotracheal aspirates might be better than nasopharyngeal and throat swabs for detection of infl uenza A H7N9. 1 The predilection of infl uenza A H7N9 for the lower respiratory tract suggests that the virus might replicate more effi ciently there, where both α-2,3-linked and α-2,6-linked sialic acid receptors are noted. 1 α-2,3linked sialic acid was detected on non-ciliated cuboidal bronchiolar cells at the junction between the respiratory bronchiole and alveolus. A substantial number of cells lining the alveolar wall also expressed this receptor.
The emergence of a new reassortant avian H7N9 virus causing human infections without preceding or concomitant outbreak in poultry was quite unexpected. This occurrence could be attributed to the absence of the multibasic aminoacid motif at the proteolytic cleavage site of H, which is associated with broad tissue tropism and organ dissemination and is therefore a key virulence marker of H5 or H7 subtypes of highly pathogenic avian infl uenza. 1 This multibasic cleavage site is a virulence marker in birds but is not confi rmed as a virulence marker in people. No pandemic virus has had this multibasic aminoacid motif. Wild waterfowl such as ducks and geese were the original natural reservoir (for H1-16, N1-9) 26 and provide new genes for making new virus reassortants that then infect domestic poultry, such as chickens, ducks, and geese, which are in close contact with human beings. Further adaptive genetic changes of such viruses in domestic poultry can enable transmission to people.
The key concerns about the current outbreak of infl uenza A H7N9 virus are how the virus crosses the species barrier and whether it will further adapt to en able effi cient person-to-person transmission. Sequence analysis showed that the human H7 had aminoacid substitutions associated with increased affi nity for the human α-2,6-linked sialic acid receptor. 27 However, binding to the α-2,3-linked sialic acid receptor is likely to be retained, allowing the virus to circulate in poultry and infect human lower-respiratory-tract mucosae, which contain both types of receptor. 1 Shortening of the N stalk region of H5N1 viruses enhanced adaptation to land-based poultry. 28 An impor tant virus protein, PB2, in combination with two other viral proteins, PB1 and PA, comprise the viral RNA polymerase complex. PB2 is an important determinant of the host range and virulence of infl uenza viruses. Two aminoacids in PB2, 627Lys and 701Asn, have previously been detected in H5N1 viruses isolated from people. 18 Coupled 627Lys-701Asp or 627Glu-701Asn substitutions were thought to be important for effi cient transmission. 29 Although we did not note Glu627Lys substitution in PB2 in our human isolate, we did record Asp701Asn substitution. Another study 14 of the current H7N9 outbreak detailed three cases of infection in Shanghai and Anhui, China; the viral isolates showed Glu627Lys mutation. We noted neither genetic signature for mammalian adaptation-ie, Gln226Leu and Asp701Asn-in the chicken isolate, which suggests that this genetic adap tation might have occurred after the virus jumped from the chicken to the patient.
Ser31Asn mutation (associated with adamantane resistance) was noted, but neuraminidase inhibitors, includ ing oseltamivir, zanamivir, and peramivir, should still be active if given early in the course of illness. One patient did not receive any antivirals and three patients received oseltamivir more than 5 days after onset of symptoms. We do not know whether oseltamivir resistance will emerge (as was the case with the H5N1 virus) because the last H7N9-positive sample from patient 2 was not tested for oseltamivir resistance after 5 days of oseltamivir treatment. Delayed initiation of oseltamivir treatment and use of corticosteroids have been associated with slow decreases in viral load and poor outcomes. 23 In 2003, an H7N7 virus, which contained the multibasic aminoacid motif associated with virulence and the genetic marker for mammalian adaptation (Glu627Lys) caused one fatal infection in the Netherlands. 4 Other severe human infections with the H7 subtype had not been reported before the current H7N9 outbreak. Previous surveillance studies have shown the H7N3 virus to be present in domestic ducks in Zhejiang. 30 Avian H7 subtype viruses are likely to have become established in domestic poultry in Zhejiang. Interaction between newly established H7 subtypes and other avian infl uenza viruses, such as the H9N2 subtype, might have resulted in the current H7N9 strain, which has gained some ability to infect human beings. Further adaptation could lead to less symptomatic infection and more effi cient person-to-person transmission. Aggressive intervention to block further animal-to-person transmission in live poultry markets, as has previously been done in Hong Kong, should be considered. Temporary closure of live bird markets and comprehensive programmes of surveillance, culling, improved biosecurity, segregation of diff erent poultry species, and possibly vaccination programmes to control H7N9 virus infection in poultry seem necessary to halt evolution of the virus into a pandemic agent.
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Panel: Research in context
Systematic review
We searched PubMed on April 11, 2013, with the terms "infl uenza", "avian", "H5", "H5N1", "H7", "H9", and "H10" for articles published in English. Our search did not reveal any reports of avian infl uenza A H7N9 virus infection in human beings before 2013. We noted only reports of poultry outbreaks caused by some H7N9 virus strains, which were usually weakly pathogenic for avian species. All reported human infections with avian infl uenza A virus were caused by H5N1, H7N2, H7N3, H7N7, H9N2, and H10N7 subtypes. Severe community-acquired pneumonia and multiorgan dysfunction due to H5N1 infection was associated with a mortality rate of more than 50%, and one death due to the H7N7 subtype has been reported. 4 However, most H7 viruses and other subtypes caused mild respiratory illness or conjunctivitis in people. Most cases were attributed to avian-to-person transmission, and there was little evidence of fi rst generation person-to-person transmission.
Interpretation
Our study showed that human infections with the avian infl uenza A H7N9 virus were acquired from live poultry markets in China (evidenced by the phylogenetic relatedness between viruses in isolates from a patient and an epidemiologically linked chicken). Markers of mammalian adaptation were found in the human virus isolate. Clinical manifestation of this new emerging infection is similar to that of H5N1 infection and can be fatal in patients with substantial cytokine activation and multiorgan dysfunction. Further virological study is important to establish diagnosis and allow early treatment with neuraminidase inhibitors and infection control. Rising poultry and human populations will increase the emergence of novel avian infl uenza viruses infecting human beings.
